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PREFACE

The investigation covered in this report was conducted under
the authority of Task 8F07~10-002-02, "Demolition Material and
Equipment" (formerly Project 8FO7-10-002). A copy of the project
cerd is included as Appendix A.

Tests covered herein were performed during November and Decem-
ber 1960 at the Engineer Proving Ground, Fort Belvoir, Virginia.

The investigation was conducted by James A, Dennis, under the
general supervision of B. F. Rinehart, Chief, Demolitions Seciiou,
Demolitions and Fortifications Branch. All test firings were con-
ducted by Jesse M. Tyson and Bert Sheets of the Mine Warfare and
Barrier Branch Test Unit. Richard Deighton of the Data Processing
and Statistical Services Branch made the statistical analyses. Im-
provised components of the shaped charges were fabricated by the
Metal Working Shop, U. S. Army Engineer Research and Development
Laboratories, and the machined shaped charge cones were manufactured
by Firestone Tire and Rubber Company, Defense Research Division,
Akron, Chio.
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SUMMARY

This report covers tests conducted to determine the effective-
ness of RDX base paste explosive as the explosive filler for impro-
vised shaped charges. The performance of hand-formed arnd precision

manufactured cavity liners was alsc evalusted.

The shaped charge parameters investigated were: Type of explo-
sive filler, explosive loaded height above liner vertex, type of
conical liner, and standoff distance.

The tests performed were designed as a full factorial experi-
ment, and the results were analyzed by the analysis of variance.
Seventy-four improvised shaped clarges were fabricated in the field
and fired into a target stack of steel plates., Measurements were
recorded of the depths of penetration and volumes of the resulting
holes in the target. A controlled comparison was made cf the shaped
charges loaded with Composition C-U4 and shaped charges loaded with
paste as well as the other charge variables tested.

The report concludes that:

a. Paste explosive is an effective explosive filler for im-
provised shaped charges.

v. Precision manufactured shaped charge liners produce
greater and more reiiable yields than hand-formed liners, but hand-
formed liners afford yilelds sacceptable for genersl demolition tasks
requiring the use of shaped charges.

¢c. For improvised shaped charges, paste explosive is almost
as gocG as Composition C-lI explosive in most qualities and better
in ease of loading; other militery explosives being solid are not
readily adaptable to improvised shaped clerges.

d. Field fabrication and use of improvised shaped charges is
feasible.

e. Additional borehole penetration tests should be conducted
in various materials, especially concrete and asphaltic pavenments,
to obtain complete date relative to the usefulness of improvised
shaped charges.




IMPROVISED SHAPED CHARGES WITH PASTE EXPLOSIVE FILLER

I. INTRODUCTION

1. Subject. This report covers tests conducted to evaluate
the effectiveness uf puste explosive as the explosive filier for
improvised shaped charges. Compesition C-lb plastic explosive was
used in comparative testing with pasts explosive, with the concur-
rent comparative testing of hand-formed and machined cones as cav-
i1ty liners.

2. Definitions:

a. The term “sraped charges" generally identifies a
high explosive charge having a conical or linear cavity lined witl
a suitable material that concentrates the explosive energy to pro-
duce deep holes or cuts in a target against which it 1s exploded.

b. The "jet" from a lined conical shaped charge is the
slender, high-velocity stream of guses and liner particles which
are accelerated out nf the open end of the lined cavity after deto-
nation of the charge.

¢. The "jet tip" is the end of the Jet which moves
fastest and strikes the terget first. It is formed from particles
of the liner cone at or near the cone apex.

d. The "slug" is the massive and relatively slow moving
remnant of the collapsed metal liner as distinguished from the jet.

3. Backgrourd and Previous Investigation. During November
1957, the U, £. Army Engineer Research and Developmeni Laboratories
(USAERDL) conducted tests to determine the feasibility of field
fabrication of a shaped charge with the capability of penetrating
6 inches or more of armor plate.l Experiments were conducted by
using a statistical design which employed three levels of each of
the shaped charge variables cone angle, height of explosive above
cone vertex, standoff distance from base of charge to target, and
thickness of the charge cavity liner. The other variables inherent
in shaped charge design were held constant. Among the conclusions
formed as a result of the investigation are the following:

&, Field fabrication of a shaped charge capable of pene-
trating 11 to 13 inches of armor plate is feasible.

1. Howard J. Vandersluls, Impro..s:’ Sheped Charges, Interim Report,
USAERDL. Fort Belvolr, Virginia, " April 1953.
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v. Optimum design characteristics for a 3-pound shaped
crharge are a 50-degree-angle, 1/8-inch-thick, 3%-inch-base-diameter,
copp.s conical liner placed in & k-inch steel cylinder loaded with
C-l explosive to a height of 2% inches sbove cone vertex. The
charge suould be detonated at a 5i- to T-inch standoff distance from
H the target.

¢. Use of boosters increases the effectiveness of shaped
charges, but the welding of the joints of hand-formed cones does not
significantly afiect the depth of penetration.

In 1955, as recommended by Interim Report. "Improvised
Shaped Charges,"2 USAERDL conducted additional studies to evaluate
the performance of improvised shaped charges.3 Tests were performed
in which the explosive weight was reduced btoth by decreasing the
charge diameter and hy tapering the charge top. Although these
methods resulted in a 15- to S5O0-percent charge-weight reduvction, the
penetrations made in mild steel wer: generelly inconsistent, and
difficulty was experienced in loading tapered charges. One series
of tests was perfcrmed with cones of aluminum alloy, lead-tin alloy,
and lead-antimony alloy; the use of laminated cones as shaped
charge linevs was also studied. Based on limited test data, the
alloy and laminated metal cones were sbout 50 percent as effective
as 1/8-inch-thick copper cones of like apex angle.

7 When u shaped cavity is made at one end of a high explo-
sive charge and the charge is detonated with the cavity facing the
target, part of the explosive force is formed into a Jet along the
cavity axis and the destructive power of the explosive is focused
at a point. The discovery of this "Jet effect" of shaped explosive
charges is credited to Cherles E. Munroe, who announced his observa-
tion of the phenomenon in 1888; hence, the shaped charge principle
is (,2nerally referred to as the "Munroe effect."

Although the discovery of the shaped charge effect was
formally announced in 1888, the usefulness of the metallic liner
was not recognized until as late as 1936. Credit for this discov-
ery is generally accorded to Dr. R. W, Wood, who found that a metal
liner of a cavity in an explosive charge produced high-velocity
fragments, In 1940, the Swiss inventor Henry Mohaupt end a Major
Delalande introduced steel-lined conical-cavity charges to the U, S,
Army. About 1941, a research and development program concerned with
the lined-cavity effect was started in this country. Thus, the tern
"shaped charge," which was coined during World War II, generally

* 2. Ibid.

3. George T. Mahler, Improvised Shape. lJhnrges, Second Interim Re-
port, USAERDL, Fort Belvoir, Virginia, § March 1959.
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implies the presence of a lined cavity in an explosive charge. The
cavity liner may be aluminum, copper, steel, or glass, but copper
is the most commonly used Lliner material.

A variety of shapes have been used for explosive charge
cavities. Hemlspheres, cones, paraboloids, and trumpet and helmet
shaves have all heen tried, some of these giving better results
than others. However, conical lined cavities have been used most
frequently for penetration purposes and have been most thoroughly
investigated.

The phenomenon of shaped charge effect can be simply de-
scribed in the following manner: After initiation at the charge
end opposite the cavity, the detonation shock wave itravels througn
the explosive charge. JAs tne shock wave progresses through the
charge and reaches the cavity, the explosive forces which act with
equal forces in all directions will have a resultant force normal
to the cavity surface working progressively down from its apex. If
the cavity is symmetrical about the axis of the charge, these
forces will meet at the axis concentreting in a jet the energy
which in a flat charge would bc spread over the whole area, Whel a
metal liner is present, the liner collapses and forms a jet stream
of high-veiccity gases and metal particles capable of penetrating
a considerable depth of steel, concrete, earth, rock, and the like
(Fig. 1). Although jets from metal liners are known to reguire
some distance to form and persist for 60 to 300 feet, as the jei
lengthens it has the tendency to waver and break up with a result-
ing decrease in penetration. Thus, a given design of shaped charge
requires an optimum standoff from the target to be most effective.

Many studies have been made of the civilian and military
applications of the shaped charge effect since its discovery. Most
¢ the military applications considered have been mainly concerned
with projectiles and manufactured demolition charges using the
shaped charge principle, Little experimental study has been de-
voted to determining the feasibility of field fabrication and use
of improvised shaped charges by combat forces.

Two standard shaped charges, the M2A3 and the M3, having
limited ranges of capability are available to U. S. Forces. %he
40-pound M3 shaped charge is capsble of penetrating 60 inches in
concrete, 20 inches in armor, and about 8 feet in earth.t Field
Manual 5-25 states that the 15-pound M2A3 shaped charge will pene-
trate 36 inches in conerece, 12 inches in armor, and awcut 5 feet
in earth. Since there is no positive method of varying the firing

4. John W, Barnes, Experimental Usos of the Charge, Shaped, 40-1b,
M3, Report 994, The Engineer #oa.d, ¥Fort Belvoir, Virginia,
S March 1947.
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procedure to obtain given results, troops are greatly handicapped
if the demolition mission requires results which are below, between,
or beyond the capabilities of the standard shaped charges. Conse-
quently, U. S. Forces appear to have a requirement for instructions
describing design, fabrication, and use of shaped uharges. The
availability of these data would give troops the capability to fab-
ricate shaped charges to 1it any demolition mission requirement.

II. INVESTIGATION

k. Description of the Problem. The objective of these tests
was twofold: first, the evaluation of paste explosive as an explo-
sive filler for improvised charges, and seccnd, the comparison of
the performance of hund-formed and precision manufactured cones.
Because many variables affect shaped charge performance and testing
of all was not feasible, four of the more important variables were
selected for evaluation. These variasbles were: Type of explosive,
height of explosive above cone vertex, type of cone, and standoif
distance of the charge from the target. Composition C~l explosive
vas used as a control to provide & basis for evaluation of the per-
formance of paste explosive. The two explosives were each lozded
behind 3-inch-diameter cones to a height of 1-3/4 and 2-1/2 inches
above the cone vertices of the two cone types, hand-formed and ma-
chined. The assembled charges were fired at standoff distances of
S and 9 inches from the target, a stack of steel plates. Both depth
of penetration and volume of hole were selected as measures of yield
for the charges.

5. Description of the Charges. Charges were fabricated with
both hand-formed and machined cones and loaded with Composition C-b
explosive, some to 1-3/4 and some to 2-1/2 inches above the cone
vertices. Likewise, charges were fabricated with both hand-formed
and machined cones and loadecd with paste explosive t¢ each height
of 1-3/k and 2-1/2 inches above cone vertices (Fig. 2). The charge
assembly consisting of a copper cone, sheet metal casing, explosive
charge, and booster vas fabricated and assembled as follows:

a. Copper Cavity Liners. Helf of the copper conical
liners were formed as shown in Figs. 3 through 6, The liners were
cut from l/8-1nch-thick sheet copper, formed around a steel mandrel
with a rubber-faced hammer, and then welded at the joint. The apex
of the ccne was cut off to the correct height, and the resulting
hole was filled with a copper plug end welded. This resulted in a
truncated cone which was sanded to obtain maximum uniformity.
Finished hand-formed cones were 1/8 inch thick, 3-1/2 inches in
diameter at the base, and had 60-degres vertex angles (Fig. 6).
These locally improvised cones were .i aeven quality.
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Fig. 2. Cross-sectional view of a hand-tamped, improvised
shaped charge.

The other half of the copper liners were manufactured
by a spin process at Fireston. Tire and Rubber Company, Defense Re-
search Division. Like the hand-formed cones, these truncatzd cones
were 1/8 inch thick, 3-1/2 inches ir base diameter, and had €0-
degree vertex angles, but they were precision manufactured to closer
tolerances than was possible with the na d-fcimed cones (Fig. 6).




E5025
Fig. 3. Conical liner being cut from sheet ccyyer.

.

E5026
Tig. 4. Conilcal liner being formed ar.und steel mendrel.




E5028
Fig. 5. Apex and jouint of conical liner being welded.

H1069
Fig. 6. Machined and improvised cnnical liners -and slugs re-
sulting from liner collapse.
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b. Charge Casing. A U-inch-diameter, 21-gage sheet
metal cylinder was used as the casing for the explosive charge and
the cavity liner (Fig. 7). One end of the casing was sesied with
masking tape, and the ¢onical liner was placed within the casing
with the base on the maskirg tape. The liners w:sre centered in
the casings and secured Just before the charges wers loaded.

E5020
Fig. 7. Sheet metal casing with standoff legs and conical
liner.

c. Explosive Filler. Composition C-lI and paste explo-
sives were used as the explosive fillers for the charges. The chem-
ical compositions of the two explosives are shown in Table I. The
explosives were loaded into the containers by hand-tamping (Fige. 8
and 9). Composition C-l charges were loaded to heights of 1-3/L4 and
2-1/2 inches above cone vertices. The peste explosive charges, how-
ever, vere loaded according to weight; that is, the amount of ex-
plosive loaded in esch tyre paste charge was equal to the average
veight of explosive that was loaded into the similar tyne C-k charge.
Sing=.*’z¢ I{mprovieed and the manufactured cones required different
“weights of C-I for a given loading height, a different weight was
required for each vertex level au.. ccme type in the paste charges.
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Table I. Chemical Compositions of C-4 and Paste Explosives
Composition C-h4 Paste
Explosive Explosive

RDX (percent) 91.00 T6.44
DNT (percent) : - L.89
MNT (percent) - 3.26
Polyisobutylene (percent) 2.10 1.7h
Motor oil (percent) 1.€0 1.36
Di-{2-ethyl) hexyl sebacate (percent) 5.30 L.46
Tween (percent) - 7.8
Total 100.00 100.00
E4179

Fig., 8. Composition C-li explosive being hand-tamped into an
improvised shaped charge.

d. Charge loading Procedure. All charges were loaded
carefully in order to obtain maximum explosive density. Care was
taken to insure the explosive was homogeneous with minimum air cave
ities and that the explosive was in good contact with the liner.

It has been siiown that unless these conditions are attained, the
collapse of the liner is not uniform and the asymmetric jJet formed
‘will have poor penetrating properties. Masking tape was placed
over one end of the container, and the r-»:. centered in the cyl-
inder, was held in place by the tape during loading. The




H1073
Fig. 9. Paste explosive being worked into an improvised
shaped charge. Note apex of conical liner protruding from
explosive filler.

33-inch-base-diameter cones were centered in the U-inch-diameter
container so that a %-inch explosive flange was formed around the
cone base. Previcus test results had indicated that such anar-
rangement gave optimum results.>

Composition C-I charges were loaded by rolling small
amounts of explosive into thin fingers ard placing these fingers
into the container one at a time. As each finger of explosive was
placed in the conteiner, it was tamped to maximum density with a
wooden tamping stick. Additional small increments of explosive
were added and tamped into the container until the desired height
above the vertex was reached (either 1-3/4 or 2-1/2 inches). A 15-
gram PETN booster was embedded in the top center of each charge to
insure high-order detonation (Fig. 10). Paste explosive charges
were loaded in a manner similar to that for the (-ii charges; how-
ever, hand-tamping was not required because the olily explosive
could not be compacted. Instead, the paste was worked with a tamp-
ing stick to eliminate as many oil pockets as possible. The speci-
fied amount of paste explosive was loaded into the containers in
small increments, and the top of the explosive coluun was then

5. Vendersluis, op. cit,
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leveled with a spoon. The 15-gram PETN boosters were placed in the
paste explosive just before the charges were fired to prevent desen-
sitizauion cf the booster by absorption of oil.

F6731
Fig. 10. Fifteen-gram booster being embedded in top center
of shaped charge explosive filler.

. G9768
Fig. 11, Improvised shaped charge be+*ry X-rayed to determine
air cavities and low-density areas in exp-losive filler.
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Because the loaded paste charges were thought to con-
tain alr cavities and low-density areas, all paste charges were
X-rayed (Fig. 11). Radiation technicians examined the X-rays close-
1y and concluded thet th= paste charges contained nc alr cavities,
though low-density areas were apparent (Fig. 12).

g

i

Flg. 12, X-ray photograph of a .a2ste explosive shaped charge.
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The C-b and paste charges were loaded in random order
to minimize pias due to extraneous factors. The same demolition
testmsn loaded all charges during a period cf 6 days, using explo-
sive with the same lot number Chroughout the loading.

e. Density Determination. Twelve charges 1lzaded with
C-4 and twelve with paste were tested for density of the explosive.
The charge container with attached liner wes waterproofed at the
liner end. Water was poured from a graduated beaker into the charge
container to the specified height for the explosive column, and the
amount of water used was recorded. After the water was emptied from
the charge container, the explosive sample was loeded into the con-
tainer to the same level as that for the water. By dividing the
mass weight by the volume, the average densities for the C-L and
paste charges were determined to be 1.57 and 1.52 grams per cubic
centimeter, respectively.

f. Standoff Distance. The term “standoff distance"
signifies the distance between the target and base of the hollow
cavity. Since the standoff distance required for maximum penetra-
tion varies with the metal used as a liner, an optimue standoff
distance can be established above and tclow which less penetration-
effect is obtained. As the jet is the penetrating agent, the func-
tion of the standoff distance is to provide time in which the Jjet
can beccme extended to produce optimum penetration. Standoff dis-
tances of 5 and 9 inches were used in these tests. Small diameter
wooden legs, taped to the charge containers, provided the 5- and
9-inch standoff distances (Fig. 13).

GITT3
Fig. 13. ©Shaped charges with standoft le_ s attached.
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g. Initistion. Initiation of the shaped charges wae
achieved by a speclal electric blasting cap placed lun a booster pel-
let et the top center of the charge. To insure high-order detona-
tion of the exploeive, 15-gram PETN boosters were imbedded 3/h inch
into the top center of the charges (Fig. 14).

E1071
Fig. 14, Paste exploslve shaped charge primed with J-2 spe-
clal electric blasting cap inserted in booster pesllet.

6. Shaped Charge Target. The target consisted of an 18-inch-
nigh stack of steel plates 36 inches square (Fig. 15). The top
layer of the stack was a 3-inch-thick armor plate, the next three
layers were lLe~inchethick armor plates, and the remaining 12 layers
were l-=inch-thick mild steel plates. The charges were placed on top
of the stack for firing so that the penetrating Jet was directed
down through the target (Fig. 16).

T. Measure of Yield of the Charges. The holes produced by
the charges were measured in two ways to provide two approaches for
the analysis, The depth of the holes was used as the one measure
of yleld and ‘the voluwue as the other,

8. Preliminary Test Shots., Ten charges were deluvnated ‘to
evaluate the valldity of the test prccuedure und to test the equip-
nment, Results of these ‘test shots are shown in Table II.




a9770

Fig. 15. Stack of steel plates used for shaped charge target.

GITT2
Fig. 16. Shaped'charge placed for firine into target of steel
plates.
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9. Test Procedure. The tests performed were designed as a
full “actorial experiment. In the first test series there were
four factors, each at two levels. The factors with theixr two
levels were: Type of cone (hand-formed and machined), type of ex-
plosive {(Compocition C-k and paste), height of explogive above cone
vertex (1-3/4 and 2-1/2 inches), and standct{ distance from base of
charge to target (5 aad 9 inches). Since there were four factors,
each at two levels, the total possible facior combinziions were 16.
Each factor combination was fired three times, making a total of L8
observations (test shots). The complete fachtorial design setup of
one replicate is shown in Fig. 17.

o,

In order to have a ccmplete confounding of Factors A, B,
C, and D in two blocks, each of the three replicates was subdivided
into two blocks as follows:

Block 1 Block 2

Shot Shot

1st AeBlpiDl ist A13191D1
2nd AlBQClDl 2nd AQBachl
3rd AlBlCeDl 3rd AQBlCQDl
Lth AlBlClDe hth AyBoCoDy
5th ABACDy Sth AaBlClD2
6th AEBECIDQ 6th A1BACyDy
Tth AeblCQD2 Tth AlBlp2D2
8th A1320202 8th A23202D2

The purpose of the second test series was to determine if
the exudation of the oils from the paste explosive significantly
affected the yield of the charges. Because only paste explosive
was involved, the second test was o complete factorial experiment
with only three factors, each «t two levels. The three factors and
their two levelis were: Type of cone, hand-formed and machined;
heirht of explosive sbove cone vertex, 1-3/b and 2-1/2 inches; and
stanuoff distance of base of charge to target, 5 and 9 inches:. The
three factors, each at two levels, yielded a total of eight factor
combinations. BEach factor combination wo: replicated two times so
that the total observations were 16. Tne :omprete factorial design
setup of on< replicate is shown in Fig. 1%.
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CiDy C1Dp CoDq CoDy
248, Y1l Y12 Y13 ik
A8, Y21 Y22 Y23 Yol
448, Y31 Y32 Y33 Y3k
A2B2 Y43 Yh2 Y43 Yhh

FACTORS:

A = Loaded height of explosive above vertex of cone.

Ay l-3/k-inch height of explosive above vertex of cone.
Ap = 2-1/2-inch height of explosive above vertex of cone.

B = Type of cone.

By = Machined cone, 1/8-inch-thick copper, 3-1/2-inch-
base-diameter, 60-degree-angle.
B2 = Hand-formed cone, l/8-inch-thick copper, 3-1/2-inch-

base-diameter, 60-degree-ungle.

C = Standoff distance from base of charge to target.

Cy = 5-inch standoff distance.

]

Co = 9-inch standoff distance,
D = Type of explosive.

Dy = Composition C-k explosive.

. Do = Peste explosive.

Y1l represents the yield obtained by using the combina-
tion explosive height asbcve cone vertex Ay and cone type By and
standoff distance Cj and type of explosive Dj.

Fig. 17. Factorial design retup, Test Series 1.
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ABy Y1l Y12
ApBy Y2l ¥e2
Al'B2 Y31 Y32
AsB, Th1 Th2

Factors "A" through "C" are the same as in the factorial
design for Test Series 1.

Fig. 18. Pactorial design setup, Test Series 2.

In Test Series 2, to provide for the complete confounding
of Factors A, B, and C in two blocks, each of the two replicates
was subdivided into two blocks as follows:

Block 1 Block 2
Shot , Shot
1st AzByCa 1st AzBaCo
2nd AsBoCy 2nd AiBECl
3rd ABCo 3rd AB.C,
hih AlBlpl hth AQBlpl

The surface area (36 by 36 inches) of the target stack of
steel plates was subdivided into six rectangular areas 12 by 18
inches (Fig. 19). These six areas were the target surfaces for the
eight charges of each experimental block design of Test Series 1.
The four charges of each experimental block design in Test Series 2
were fired on target surface areas 1, 2, I, and 5.

10. Tesct Methods. The first series of tests consisted of
firing 48 shaped charges into a stack of steel plates and detevitin-
ing the depths and volumes of the resviting holes.
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GIT69
Fig. 19. Target surface subdivided into areas for shaped.
charge firings. (Small numbers indicate firing point for
charges in each experimental block.)

Before the charges were tired, six areas 12 inches wide
by 18 inches long were marked on the top target plate., These six
areas were further subdivided into 3- by 3-inch squares to pinpoint
the locations fcr the eight charges that were fired on each block
(Fig. 19). By firing the charges at 3-inch intervals, no charge
was Tired closer than 3 inches to the plate edge, and sufficient
areg was aveilable for firing edditional charges, if required, to
replace any "bad" shobs. Also, since it was conceivable that the
quality of the sleel in one area might be superior to that in
another, the random firing of charges in blocks would tend to mini-
mize bias due to this factor. Figure 20 shows the locations at
which all charges were actuslly fired.

The firing order and the exact firing location on the
target for all charges were determined by random selection. This
method was used to provide equal opportunity for the selectioen of
any charge for firing at any time and at any location on the target
plate. The series of 48 caarges was fired during a veriod of 3
days.

The firing of the shaped nharges on the target was close-~
1y controlled. After the correct ste idofi was provided by attaching




22

three wooden legs, the charge was carefully aligned over the target
area to be peneirated. Great care was taken to insure the common
axis of the charge and cavity was as nearly perpendicular to the
plane of the target surface as possible. Of equal imporitance was
the proper priming of the charge. A special electric blasting cap
was placed and taped 3/4 inch into the charge booster which was
centered in the explosive column, Every eififort was made to main-
tain the verticel aligmment of the cap anrd booster, thus insuring
uniform propagsation of the shock wave.

H1065
F.g. 20, Top target plate showing pattern of shaped clarge
firings.

Each shot result was carefully examined before the suc-
ceeding shot was fired, and the target plates wcre examined for
both shifting and warping. After all charges had been fired, the
plates were separated, the holes were marked for identification,
and the depth of the hole, its average diameter on each plate, and
its volume wexe measured (Figs. 2la and 21b).

The averag: diameter of the holes in each plate was de-
termined by averaging caliper measurements teken at 1/2 inch from
the top in each hole in each plate. These hole diameters were the
basis for calculating the volume of each hole.




Fig. 2la.
yield.

0K
3

H2029
Target plates 1 to 7 separated for messwroment of
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H2030
Fig. 21b. Target plates 8 to 1h separated for measurement of
yield,
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The depths of penetration were obtained by lotaling the
thicknesses of the plates perforated and adding to this total the
depth of penetration into the last plate damaged by the shet.
Calipers and a micrometer were used to make the measurements.

The 48 charges used in the test were in storage for 10
days before the test. TDuring this l0-day period, the C-k charges
were apparently waffected, but en average of 1/2 inch of 0il had
risec to the top of the paste charges, and some oil had sunk ‘to the
bottom and was partly retained on the masking tepe seals. Having
heen soaked by the oil, the masking tape was slightly loosened,
thus permitting the liners and explosive columns to slide 1/k to
9/16 inch beyond the wottom of the charge containers. To determine
if the exudation of 0il and slippege of explosive column hed sig-
nificantly affected the yield of the paste charges, a second series
of 16 paste charges vas loaded at the firing site and immediately
detonated on the target. These charges were fired during a 2-day
period, and the loading, priming, and firing procedures were the
same as those used in the first test ceries. Since the charges
vere loaded and fired immediately, oil did not exude from the ex-
plosive, but the explosive columns did slip an average of 1/8 inc
beyend the charge containers. This slippage of the explosive column
was caused by the combined weight of explosive filler and liner on
the masking tape (Fig. 22).

GITTL
Fig. 22. 8light protrusion of .arke explosive filler beyond
base of shaped charge container.
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11. Test Resuits. A summary of all shaped charge firing deta
is shown in Tables III and IV. The tables list data on the design
Teatires of the charges as well as the dimensions of the resulting
holes in the target. Charges arz arranged in order of decreasing
vield of penetration by groupings, according to similarity of charge
parameters.

During the firing of the 7t shaped charges, the following
observations were made:

a. The Composition C-l charges produced more symmetrical
holes than the paste charges. Inner surfaces of the C-l charge
pengtrations were more uniform than the inner surfaces of the pasie
charge penetrations; moreover, the penstrations of the C-I charges
were more perpendicular to the target surface than the penetrations
of the paste charges, indicating possitle micalignment of the cones
in the paste charges. In two paste charge shots, the jets veered
and entered the targei at a slight angle instead of perpendicular
to the target face. The slugs from these charges followed the jet
into ‘the target but bounced ocut. One of these slugs is shown in
the center of Fig. 6.

b. Because of the plasticity of paste explosivc, chaped
charges with paste explosive filler must be handled carefully to
prevent the destruction of the jet-forming characteristics of the
charges.

¢. The priming of paste explosive shaped charges was
more difficult then the priming of C-% shaped charges. A PETN
vovuster pellet, which was required for positive detonation, was
dissolved by the explosive oil if allowed to remain in the paste
charges overnight. Consequently, the bcoster pellet should be
pla.2d in vaste charges immediately prior %o fTiring. Care should
be taken to avoid forming voids in the paste explosive when the
booster pellet is inserted. Because of the insensitivity of paste
explosive, such voids can cause misfires. Great care must also be
taken when the blasting cep is placed in the tooster to prevent the
cap from penetrating through the tooster hole and iunto the paste
explosive, If the cap is pushed in too deeply, the base charge of
the cup dic not in contact with the booster charge, and a misfire
nay occur. A single blasting cep will not reliably detonate paste
explosive. 'This problem may be solved by placing tape over the end
of the booster which is inside the explosive column so that the cup
will not be forced through the booster.

d. The slugs from the paste charges fired at 9-inch
standoffs were invariably embedded in the top torget plate, and the
vlate surface was spalled and splatter~® These conditions were
indicative of excessive standoff allowing oreakup of the jet with
resulting decrease in penetration and hole diameter.




Table III. Sheped Charge Test Data, Test Series 1

Charge rParancters Results

LoadeA Ht Avg\v/ Order of
Chacge Zxplosive Conz Explocive Adove Penetration Peserration Surface Izmportsnce
Nuzber  Type Type s)  Weignt Vertex  Standoff Depth Yoiuze Diaxeter of Yield
(z (in.) {in.) {in.)  (eu in.) {in.)
17 c-b M 1,221 1-3/4 9 1.8 5459 1.00
2% c-k M 1,239 1-3/4 9 13.88 5.85 1.13 b3
10 c-b M 1,221 1.3/4 9 12.02 .11 0.9%
Avg 14, Avg 5.
1€ c-b o 1,22 2erle 9 13.92 6.75 1.18
. 2 c-b ¥ 1,80 2-1/2 9 15,23 7039 1.25 2
L c-b M 1,370 2-1/2 9 1;.;3 i 1.16
Avg 14,29 Avg 681
7 c-k HF 1,152 13/ 9 12,95 5.33 09
‘ - A A - A
’ " Avg ;3: 7 Avg 5.2 )
12 cel 8 1,332 2.1/2 9 12,7 5.30 0.95
A RS + S vy S na Bk e
- - -4 » . »
avg T3.16  Avg E—.’(%
c-b M 1,420 2.1/2 H 12.1% 1.2 1.3
& el M 1,355 2-1/2 5 11.67 5.88 1.13 5
cl o 1,318 2-3/7 5 11.67 6.61 119
avg 1182 Avg 556
3 ck M 1,215 1-3/5 s 11.67 €.66 1.2%
20 Cel M 1,223 1-3/% s 11,95 $.33 1.19 6
23 Cb M 1,218 1-3/4 5 11.67 é. 1.13
Avg Il.‘ls Avg 0.5,
» Paste M 1,388 2412 . 256 6.33 1.45
33 Paste M 1:366 2.1/2 € 10,60 %.03 0.94 7
¥ Faste M 1,338 2:1/2 11.6 L.52 0.93
Avg 1G4 Avg &,
c-k HF 1,150 1-3/+ s 10.86 §.23 1.3
I N - A - A
' AVg ni3 Avg G038 )
29 Paste M 1,223 1-3/4 H 11,47 6..).0 1,09
7 Paste M 1,223 1-3/u 5 8,70 3447 0.97 9
Y Paste M 1.2 13/ 5 10.61 .8 0.6%
Avg 10, Avg &,
34 Paste " 1,L10 2-1/2 H 9,72 5.59 1,28
LY Paste v 1,410 2.1/2 5 8,82 ¥.36 1.12 10
%3 Peste o 1,430 21 5 10.% .26 1.09
Avg 98 Avg 5.
10 [ HF 1,343 2-1/2 5 11,26 5.93 1.16
13 Ceb ¥ 1,35 2-1/2 5 4,36 2.9 1.06 11
2b Ceb ur 1,39 2-1/2 5 u.é 6. 1.16
L] KD Avg 5.
35 Paste " 1,410 2.1/2 9 8.1 3.2 0.9
u7 Paste Rr 1,430 FRY 9 7.80 4,50 1,19 12
39 Paste ;1 4 1,410 2-1/2 9 (] 2.88 0.75
Avg ©, Avg 5.55
n Paste n 1,223 1-3/% 9 8,9 L.75 1,26
36 Paste M 1,223 2e3/u 9 5.9 3.17 0.98 13
25 Paste M 1,723 1.3/% 9 7.80 1.84 0.65
g LG Mg 3
M AN Paste | 1,388 2-1/2 9 1.8 3.71 1.07
k] Paste M 1,338 2e1/2 9 6,86 3.50 1,13 LY
2 Puste L 1,308 2-1/2 9 6.20 2.66 0,88
Avg O35 Avg 3.3L
‘ 48 Zaste HF 1,175 1.3/h 5 N 1. 0.78
) Puste r 1,175 13/ 5 11.67 6.69 1,22 15
25 Taste w 1,175 1-3/4 H Z.za 1.68 0.72
Avg 5, Avg 353
Lo Paste xr 1,175 1-3/% ] 6.3 4.60 .3
28 Paste wr 1,175 1-3/4 Y 3.1€ 0.7 0.53 16
L2 Paste xr 1,175 1.3/4 9 2. 113

&
x
-~

{a) The letters "M" and "MP" signify machined end hand-formes cones, respectively., Both types vers
1/8inchethick copper, 3-1/2-inch-base-1lsmeter, (0-degres-angle, truncated cones,

(b) The surfece disaster 5¢ the hole fs the average dinmater occurring on the top target plate.
21
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III. DISCUSSION

1Z. Examinartion of Test Methods. Mary variables affect the
performance of a shaped charge. OF these, some of the more import-
ani are: Type of explosive, height of the explosive abeova cone
vertex, confinement of the charge, initiation of the charge type
of liner, shape of the liner, scando?f distance of the base of the
charge from the target, and symmeiry oi the charge.

a. Type of Explosive. It is evident that an explosive
with greater strength *than another will be more eiffective in pro-
ducing shaped charge jets. The higher the rate of detenation of
the explosive, the greater the penetration and the damaging proper-
ties. Tests were conducted with iwo kind: of explosive, Compoci-
tion C-% and paste. In previous tests, the detonating velocity of
Composition C-k with a density of 1.97 grams per cubic centimeter
had been shown %o be about 26,000 feet per second,® while prelimi-
nary tests with pvaste explosive reveeled its detonating velocity to
be about 2k,000 feet per second with a density of 1.52 grams per
cubic centimeter.! The difference in the detonating velocity of
the two explosives accounts to some extent for the deeper penetra-
tions achieved with the charges loaded with C-L explosive. Although
an attempt was made to hand load the two types of explosive to about
the sz2me density, it was virtually impossidble to obtain uniform den-
sity loadings among charges because of the extreme difficulty in-
volved in controlling the many sources of error inhsrent in the hand-
loading method. Also, it was found that with hand loading, the den-
sity of the paste charges could not be increased beyond 1.52 grams
per cubic centimeter because of the oiliness and adnesiveness of
paste explosive., The paste explosive was sticky and oily and many
cil pockets existed in the explosive mass. An effort was made to
eliminate these oil pockels by working the explosive with a metal
spoon «uring the loading; however, by X-ruying the charges, the
paste charges were disclosed to contain more low-density areas than
the O-4 charge, thus resulting in lower penetrations vwith the paste
charges.

Anotlher source ol error with paste explosive is ite
characteristic exudation of oils. Test Seriec 1 charges were stored
10 days before detonatior. In thai time, 1/2 inch of oil rose to ’
the top of the explosive. Some sanik to the bottom. Part of tnis
was caught on the wmasking tape which held the coni:al liners in the

6, John Cogan, Comparative Testing of United Kingdom Explosive PE-k
and Jomposition C-h, Report 1650-TR, USAERDL, Fort Belvoivr, Vir-
ginia, 23 September 19€0.

7. Howard J. Vardersluis, Preliminary Eve.us'ion of Paste Explosive,
Repert LE9(-TR, USAERDL, Fort Belvoir, Viviinia, 31 October 1061.
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charges. Test Series 2 charges weras loaded and fired immedistely,
g0 no oil vas lost by sxudation, Out of eight pairs of tests,
series 2 charges were superior in 5; a series 1 charge was superior
ir 1; and the difference was insignificant in 2 (Fig. 23).

% DENOTES LOADED HEIGHT ABOVE CONE (INCHES)

KEY :
* HF - HAND FORMED [Jj C-4 TEST SERIES |
M - MACHINED

!
2' PASTE TEST SERIES |

[ PASTE TEST SERIES 2

DEPTH OF PENETRATION IN STEEL (I{NCHES)
H o - ®

N

9 INCH- M 9 INCH- HF 5 INCH-M S INCH-HF
STANDOFF DISTAMCF AND TYPE OF CONE

Fig. 23. Significance o explosive type.
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This source of error due to exudation of oils can be
eliminsted by loading the paste charges immediately before firing.
This is as it should be for combat demoliticus, because transporta-
tion of prepared shaped charges having paste cxplosive filler will
disrupt the charge symmetry and result in greatrly rediced jet-
forming characterisvics.

Like the exudation of o0il, the slippage of the paste
explosive column beyond the bottom of Lhe charge container provided
a scurce of error with the paste charges. As the explocive column
became extended beyond the container bottom, the cavity liner was
moved slightly beyond the bottom of the container, ani some mis-
alignment of the cavity axis with the charge axis no doubt occurred.
Likewise, movement of the explosive column and cavity liner possi-
bly reduccd contact between the evplosive filler and the cavity
liner. The misalignment of the cavity liner together with the de-
crease in contact between the explosive filler and the cavity liner
probebly accounts, to a degree, for the veering of the penetrating
jets as well as the formation of asymmetrical penetrations by the
paste charges. OSurely, this source of error adversely affected the
yield of the paste charges. To minimire error due to slippage of
the explosive column and cavity liner, all charges were inspected
and, where necessary, realigned end retaped prior to firing. Move-
ment of the explosive column and cavity liner cen be prevented by
spot welding the liner to the charge container; however, this so-
lution might also adversely affect the yield of the charge and would
require testing to determine its effect.

As a result of loading the C-b explosive in small,
pand-tamped increments, low-density areas no doubt existed at the
Junctures of the various loading increments. These low-density
areas probably resulted in some nonuniformity in propagation of the
shoclk wave through the explosive column. HNonuniformity of propaga-
tion vndoubtedly resulted in failure of the shock wave to simultan-
eously impinge on the liner, thus impairing the formation of the
penetrating jet. The difference in the densities among the charges
loaded with both Composition C-l and paste explosive affected their
detonating velocities with corresponding effect on their jet pene-
trating properties. With hand-loaded shsped charges, lower density
of the explosive charge with corresponding decrease in detonating
velceity and penetrating results must be accepted because there is
no known method of obtaining controlled loading densities.

b, Height of the Explosive Above the Cone Vertex. For
a shuped charge liner of given diameter, there is an optimum height
of the explosive colwmn above the liner vectex. The optimum height
of the explocive column depends on such faators as confinement of
the charge, liner characteristics, etc. Lt has been shown that for
a given design of shaped charge there exisl. an optimum ratio of
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charge diameter to charge heizht above which the increase in effec-
tiveness of the charge decreases rapidiy.Y Previous tests? concluded
+hat a charge height of 2 inches above the liner vertex produced
optimum resulis with hand-formed, conical, copper liners having
3-1/2-inch base diameters; therefore, it was decided to bracket the
2-inch loaded height by using 1-3/4- and 2-1/2-inch charge heights
and thereby test ctaer charge heights with the machined cones and
paste explosive. When the C-% charges were lcaded to controlled
heights of 1-3/h and 2-1/2 inches zbove the cone vertex, the charge
weights varied among the charges because of the difference in densi-
ties obtained during loading as well as the slight difference in
configuration belween hand-formed and machined liners. This differ-
ence in explosive weight undoubtedly influenced the penetraticns and
volumes obtained in the target, but this increase or decrease in
yield among the C-I charges due to variation in the charge weight
was so slight as to be insignificant.

Because of the lower density of the paste explosive
(paste 1.52 grams per cubic centimeter, C-4% 1.57 grams per cubic
centimeter), the loading of paste charges to controlled heights of
1-3/k and 2-1/2 inches above the cone vertex would have resulted in
charge weights which would have been less than weights for like C-k
charges. Holding the weights of the paste charges constant with the
weights of similar C-U charges was thought to provide more accurate
comparison of results than would controlling the charge heights;
hence, the paste charges were loaded by weight rather than by charge
height above cone vertex. As a result, the paste charges designated
as l-3/k—inch charge height actually were loaded to heights varying
from 2-1/k to 2-5/16 inches, while the paste charges designated as
2-1/2-inch charge heights were loaded to heights varying from 2-13/16
to 3 inches. This difference in charge height beiween the C-l4 and
paste charges affected the yield of the charges, but the effect was
't as significant as a difference in charge weight would have heen.
The error caused by this variation in charge height was insignifi-
cent when compared with oither sources of error, such as low density
of explosive, exudation of oil, lack of homogeneity, and difficulty
in maintaining good contact between explosive and liner--errors that
are inherent in shaped charges loaded with paste explosive.

¢c. Confinement of the Charge. Confinement of the explo-
sive charge restrains the gas pressure from escaping sideways and
helps to maintain pressure on the cavity liner during its collapse.
Thus, charges are normally confined in steel casings; and, for

8. R. S. Lewis and G. B, Clé??, Application of Shaped Chevges toc
Mining Operations - Tests on Steel end Rock, Bulietin, Univer-
sity of Utah, July 19u6.

9. Vandersluis, Improvised Shaped Charwvas.
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conical liners, an increase in coufinement tends to increase the
hole diameter. As maintenance of pressure is only important during
collarse of the linev, a liwmiting value of the degree ¢f the con-
finement vhich will improve the results is soon reached. The
charges used in this test program vere encased in 21l-gage sheet
steel casings vwhich apparently provided adequate confi.ement for the
shaped charge design. Hence, there was little experimenial error
due to insuificient confinement of the charge.

d. Priming and Initiation. The formation of penetrating
Jets by shaped charges requires that the charges be initiated from
the end opposite the cavity. Initiation by a detorator placed at
the rear of the charge resuwlis in the shock wave impiaging direcily
on the liner. With desensitized high explosive such as paste explo-
sive, the use of a booster is recegsary to insure detonation.

Close control of the priming and initiating of impro-
vised shaped charges is difficult. Inserting the PETN booster
exactly 3/h inch into the explosive filler, centering it accurately,
and lining it up completely perpendicular to the charge top and
parallel to the charge axis was difficulit and infeasible. Moreover,
with the paste charges, maintaining this alignment would have been
virtually impossible, once achieved. Like the placement of the
booster, maintaining close tolerance while inserting the blasting
cap exactly 3/% inch into the booster and securing the cap so that
it was perpendicular to the charge surface was not possible. %hus,
both the boosters and blasting caps were placed and aligned by eye,
and, after alignment, the blasting caps were secured in a vertical
position by masking tape. Although care was exercised in priming
the charges, the shot yields were ro doubt affected to some extent
by inexact priming. Incorrect alignment of the booster or blasting
cap results in nonuniformity in propegation of the shock wave, thus
caus ‘ng disruption of the normal progression of the jet formation.
With imgrovised shaped charges, however, the effect of inexact prim-
ing is not as critical as with precision menufactured charges be-
cause of the lack of ovher close tolerances in the improvised charge.

Variation in the power of blasting ceps may have pro-
vided another slight source of error. Although Hercules special
electric blasting caps of the same lot were used throughout the
test, some of the caps could have been stronger or wesker than
others, with resulting variation in the rate of detonation of the
charges. It ls thought that the strongth of caps is affected by age
and storage conditions. In all but one shot, lowever, the charges
vere initiated %o complete detonation. Where the charge Tailed %o
detonate, the cause was more likely due to penetration of the base
charge of the cap beyond the booster and into the paste rather than
due to a weak cap.
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When the many sources of error affecting the yield
of improvised shaped charges are considered, the error dus to in-
exact priming and initiation wcould seem to be the least significant,
provided normal care was exercised,

e, Type of Liner. The effect that the tygze of liner had
on the shaped charge yield was considerable as had been expected.
Although both Lypes of cones were formel from 1/0-inci:, zzicaled
copper, the machined cones were manufactured to close tolerances by
the spin process, while the improvised cones were shaped by hand-
forming from sheet copper. Consequently, the hand-formed couss were
of uneven quality and provided a greater source of error snd varia-
tion in results than aid the machined cones. This fact is verified
by the yield results (Tables [1T and IV) wherein the mors consistent
and higher yields were obtained with the machined cones.

When a metal liner is present in the cavity of a
shaped charge, the liner collapses during detonation resulting in a
stream of high-velocity gases and metal particles capable of pene-
trating a considerable depth into steel, concrete, earth, and the
like. Depth of penetration and velume of the hole are known to be
functions of the thickness of the liner (among other parameters);
an optimum thickness exists for maximum depth of penetraticn, while
3 somewhat different optimum thickness exists for maximum hole
volume.L0 If the liner is of uneven wall thickness, nonuniform jet
particles and Jet wavers are formed. The influence of jet ductility
and jet wavers, due to liner imperfections, have been shown to com-
prise two of the weakest factors in shaped charge design.ll Wall
thickness variation has more adverse effwct than other imperfections,
but the effect of any faultc bccomes greater the closer they are lo-
cated to the base of the cone, This is because the proportion of
the material in a cross section entering the high velocity jet in-
creaces from less than 20 percent at the apex to more than 50 per-
cent at the base of the cone.l2

Shaping ¢f the improvised liners used in these tests
consisted of hand-forming and welding operations followed by sanding
to obtain maximum uwniformity., Although great care was exercised by
skilled workmen in fabricating the liners, the hand-forming process

10. George B, Clark and Walter H. Bruckner, Behavior of Metal
Cavity Liners in Shaped Erplosive Chavges, A.L.M.E. Technical
Publication Number 2158, May 1947.

1l. Melvin A, Cook, The Science of high Explosives, Reintold Pub.
lishing Company, New York, 1958.

12. Arthur D. Little, Inc., Collecu.ol. and Arrangement of Shaped
Charge Data, Third Intverim and Finvl. Report, Vol. 1, 31 Decem-
ber 1959.
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led to cone liners of inconsistent quality. Error due to liner im-
perfection caunct be completely eliminated with improvised liners.

Because the machined cones were manufactured to
close toierances, error due to their imperfection was considered
insignificant.

. Shape of the Liner. Sixty-degree conical liners
were used exclusively for both machined and hand-formed liners dur-
ing these tests. Error due to this parameter was thought to be
virtually uncontrollable by test personnel. The machined liners,
no doubt, contributed little source of error, bul minor deviations
in the fabrication of the improvised liners affected their yields.
As with other imperfections inherent in Improvised shaped charges,
this source of error must be accepted.

g. Standoff Distance. Optimum standoff distance must
be determined experimentally for each type of shaped charge design.
If the standoff distance is optimum, collapse of the liner and for-
mation of the jet can be complete before the jet reaches the target.
The results of this are maximum penetraticn of the target because
the jet is the penetrating agent. After a certain standoff distance,
hovwever, the jet has a tendency to break up both axially and radigi-
ly, and penetrating effect is decreased.

Since the primsry objective of this test program was
the evaluation of peste explosive as a filler for improvised shaped
charges, only two levels of standoff distance, 5 and 9 inches, were
tested. The testing of only two levels of the standoff varisble
thus produced yields that show which of the two standofis gave best
results and does not indicate the optimum stendoff for the charge
desipns tested. Establishment and use of the optimum standoff dis-
tanee: for the charge designs might have resulted in greater yilelds;
nevertheless, the yields obtained do provide a sound basis for the
evaluation of the types of explosives and conical liners that were
tested.

h. Symmetry of the Charge. The assembly and loading of
improvised shaped charges requires great care if maximum end repro-
ducible penetration effects arc to be obteined. Miselignment of the
cavity axis with the axis of the explosive charge causes decrease in
the penetration yield of the jet. Uneven thickness of the liner,
formation of nonuniform layer of explosive at the base of the cavity,
and voids or low-density regions in the explosive charge all have
adverse effects on the penetration valuc. These edverse effects are
more pronounced for small than for large charges. Although the
charges were all assembled and loaded by one men who exercised ex-
treme care, there was no doubt some ine...c mess which adversely in-
fluenced the reswits. To mirimize errors due to asymmetry of the
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charge, all charges were carefully inspected by two persons prior
t0 being accepted for test firing. Every vpossible effort was made
to detect and correct defects, such as cracks or voids in the ex-
plosive, nonuniform thickness of the liner, and nonconcentricity of
the liner in the charge.

i. Errors Due to Variations in the Test Materials and
Procedure. The result of each charge fired was no doubt affected
by variavions in each charge and the steel plates used as the ‘tar-
get as well as the procedure of placing and firing the charge and
measuring the yield. To minimize the errors, the charges were se-
lected at random for loading and firing, and the steel target plates
were cut from large plates. In measuring the yield of each shot,
one man made all the measurements which were averaged from seveval
readings of both the depth of penetration and diameter of the hole
in each plate. In general, the variations weire believed not great
enough to have a detectable influence, but every precaution was
taken to eliminate such variations.

13. Analysis of Test Results. To permit quantitative evalua-
tion of results, the tests were conducted by using a full factorial
design, and the results were analyzed by several statistical tecn-
niques. The wvarious statistical analyses are described in detail
in Appendix B. 1In the following paragraphs, the test analysis is
discussed in terms of the parameters of the shaped charge designs
that were tested.

a. Considerstions of Explosive Properiies. As was anti-
cipated at the veginning of the tests, Composition C-b explosive
produced greater and more consistent yields than the paste explosive
(Fig. 23). The enalysis of variance, calculated with both the pene-
tration depths and volumes from Test Series 1 (Table III), showed
“1e type of explosive to be highly significant (Appendix B). Com-
parison of paste explosive to Composition C-4 as a shaped charge ex-
plosive is readily apparent from the avereged results presented in
Fig. 23 and Table III. In Table III, the greatest penetration
yields are listed first, grouped according to like charge parameters.
The Composition C-U charges gave greater yields in all but three of
the charge groupings. This superiority of (-B explosive over paste
explosive may be explained by closely exemining certain qualities of
the two explosives.

(1) Rate of Detonation. In paragraph 12e, it was
pointed out that the higher the rate of detonation of the ex-
plosive, the greater its penetrating and Qamaging properties.
Composition C.l!t explosive at a density of 1.57 grams per cubic
centimeter has a detonating velocity of about 26,000 feet per
second while paste explosive &. o %ensity of 1.52 grams per
cubic centimeter has u detonating velocity of about 24,000 feet
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per second. Hence, this 2,000-feet-per-second difference in
detonating velocity was a significant factor in producing the
greater yields with the C-b explosive. Likewise, more uniform
densities were obtained by hend-tamping the C-l charges than
was possible by working the paste explosive with a tamping
stick to eliminate oil bubbles. The oil bubbles in the paste
explosive adversely affected its detonating veloccity and shock
wave propagation with resulting reduction in penetrating effcet,
Since density of the explosive charge is knour to affect the
rate of detonation of the charge, the more uniform densities of
the Composition C-i charges account to some extent for their
more consistent yields.

(2) Brisance of the Explcsives. Brisance is the
shattering power of an explosive, as distinguished from its
total work capacity. As the shattering power of an explosive
is dependent upon the suddenness with which the gaseous prod-
ucts of the explosions are liberated, the rate of detonation
is at least a major factor in determining brisance. With mil-
itary explosives, several methods (Sand Test, Piate Dant Test,
Fragmentation Test) are used to determine their brisance.

Table II, "Effects of Explosives," in Department of the Army
™ 9-1910, shows Composition C-Lk to be 115 percent as effective
as INT when measured by the plate dent test. Since Composition
C-l, the principal ingredient of paste explosive, is composed
of about 91 percent RDX as compared to ebout 76 percent RDX for
paste explosive (Teble I), it is evident that C-k has a higher
brisance than paste explosive. U. S. Army Engineer Research
and Development Laboratories testsi3 have also shown that paste
explosive is not as effective as C-h for steel cutting, thus
indicating a lesser shatterir.g ability for paste explosive.

The higher brisance of Composition C-I assisted in producing
prezter yields with the C-h shaped charges.

(3) Consistency of Explosive. Although the Composi-
tion C-I charges were more difficult to load, the jet-forming
characteristics were not noticeably affected by handling, trans-
rorting, and storage. Conversely, after storage, the oils of
the paste explosive had risen to the top of the charge and some
0il had leaked through the bottom masking tepe seal. Alsc,
paste explosive tended to slump and causc the explosive column
to protrude beyond the base of the liner and charge casing. It
was conceivable that some of the paste slumped beyond the coni-
cal liner and, upon detonation of the charge, disrupted the
proper “ormation of the penetrating Jet. Like the slump charsc-
teristics, the forming of oll bubbles in the paste column,
especially adjacent to the liner, sdversely influenced the yields

13, Vandersluis, Preliminary Evaluation of Paste Explosive,
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of the paste charges. Moreover, while the Compositicn C-%
charges were not very susceptible to misalignment of the cav-
ity liner during handling and transworting, the paste explosive
charges vere susceptible because of the plasticity of the paste
filler, and some misalignment of the cavity linsr no doubt oc-
curred. Although slight, this misalignment of the cavity liner
probably decreased tne yiclds with the paste charges.

b. Effect of Explosive Height Avove Cone Vertex. The
statistical analysis of the test results showed that, for the shaped
charge designs tested, the height of the explosive above the cone
vertex was not significant. Close cxamination of the yields in
Tables III and IV seems also to show this insignificance, It ap-
vears that for small shaped charges, such as those tested, this
variable is not highly critical within the range of l-3/k to 2~1/2
inches. Because it is known that a given design of shaped cherge
has an optimum retio of charge diameter to charge height, the vari-
able is no doubt critical for larger and smaller churges. Testing
of a wider range of charge heights above the cone vertex would prob-
ably have revealed the variable to be significant. Before the tests,
it was believed that this variable was significent with small charges.

c. Effect of Explosive Weight. Although not s varieble
of the tests, due to the loading of the charges according to height
above cone vertex, a variety of explosive weights were used. With
the C-4 charges, the explosive weights varied from 1,130 to 1,hk22
grams, and the weights of the explosive in the paste charges varied
similarly. In spite of the variance in explosive weights among
charges, greater yields were obteined in many instances with charges
loaded with lesser weights of explosive (Tables III and IV). Thus,
although previously considered criticel, as with height of the ex-
vlosive above cone vertex, the weight of the explosive in the shaped
cherge does not appear to be a critical factor within a ronge of
about 100 to 300 grams.,

d. Effect of Cone Characteristics. Staetistically, as
thought at the beginning of the tests, the type of cone was shown
to be highly significant. The analysis of variance (Appendix B)
reveals the machined cone to be highly significant when compared to
the hand-formed cone, but the test results (Tables III and IV) dis-
close thet while type of cone is significant, the significance is
not as great as was previously expected. With hand-formed cones and
C-h explosive, sverage penetrations of 12 to 14 inches were obtained
that compare favorably with penetrations of the machined cones snd
C-lb explosive (Fig. 2h). In addition, the average penetrations ob-
tained with hand-formed cones and paste explosive closely approach
those penetrations obtained with nmechined cones and paste explosive
(Figs. 25 and 26)., The insignificauce Hf liner type with the paste
explosive is probubly caused by the lac: of consistency in the paste
explosive filler, previously discussed.
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The close tolerances in the machined cones consider-
ably influenced the greater penetrations achieved with them. Like-
wise, the uneven quality of thie hand-formed cones contributed a
source of error that reduced their yield values. Liner tolerances
have been shown to be more critical near opbtimum siandoff than they
are at low standoff.lk At short standoff--5 to L5 nuaches--the
effects of precision liner fabrication on venetration are slight
With increasing standoff, veyond optimum, penetration depth de-
creases slowly for machined liners, more quickly for hand-formed.
Apparently, liner characteristics are not as critical for shaped
charges used for general demolitions tasks as for shaped charge
ammunition.

€. Effect of Standoff Distance. In the analysis of

variance calculagted with Test Series 1 yields, there was ro signifi-
cance in standoff distance, but there was significant first order
interaction with type of explosive and standoff distance. By exam-
ining the yields of the charge groupings in Fig. 23, the importance
of standoff can be clearly understood. With Composition C-% explo-
sive, the 9-inch standoff distance gave the best averaged resulis

in all charge groupings. Cimilarly, the 5-inch standoff distance
geve the greater yields with the paste explosive. The lower density
and detoneting velocity of the paste charges as well as the effect
of oil pockets on wniform propagation of the shock wave probably
decreased the penetrating properties of the jet. These effects to-
gether with the other sources of error with paste explosive, previ-

- ously discussed in paragraph 12a, probably disrupted the proper

forming of the penetrating jet, causing the jet to break up sooner,
thus reducing its effective length. This would account for the
greater yields with paste charges at S5-inch stendoff. Contrarily,
the higher detonating velocity, greaier density, and more wniform
symmetry of the Composition C-k charges produced longer and higher
velocity jets requiring greater standoff distances for proper form-
ing of the Jjet. As stated previously, the jet is the penetratving
agent; and, as stundoff distance is brought into existence and in-
creased, there is more time for the jet to become extended before
striking the target. The results of this are increase in depth of
penetration and decrease in diameter of hole produced. Hence, this
explains why in comparing depths and volumes as neasurements of
yield, with depths, the type of explosive interacts with distance
whereas ‘the same is not true with volumes used as & measurement of
yield (Appendix B, page 55).

f. Comparison of Results with Puste Charges in Test
Series 1 and 2. The paste charges fired in Test Series 1 had teen
in storage for 10 days, and some had been transported to and from
the test site several times. Becans~ the yields were somewhat

1k, Little, Inc., op. cit.




bk

erratic, the exudation and loss of oil as well as possible disrup-
tion of charge symmetry during storage and handling was thought to
have produced lower yields. Consequently, 16 sdditional similar
paste charges were lcaded at the test site and immediately fired.
Although the statistical analysis determined there wss vwo signifi-
cance in any of the variubles, a comparison of the yields for Test
Series 1 and 2 showed the yields from Test Series 2 charges were
nore consistent and greater for 5 out of the 8 charge groups of
similar design parameters (Table V). The differences in yields
were not sigrificantly greater, but the results were less erratic
in Test Series 2.

Table V. Comparison ci Yields for Paste Charges
in Test Series 1l and 2

Test Series 1 Test Series 2
Loaded Average Average Average Average
Stand- Cone Height Penetra- Penetra- Penetra- Penetra-

off Type¥  Above tion tion tion tion
(in.) Vertex  Depth Volume Depth Volume
(in.) (in.) (in.) (in.) {in.)

5 M 2-1/2 10.8 5.0 10.1 3.3
5 M 1-3/h4 10.k L.k 7.0 3.0
5 HE 2-1/2 9.8 5.0 9.2 3.0
9 HF 2-1/2 8.6 3.5 3.7 k.9
9 M 1-3/k 7.6 3.3 10.7 bk
9 i 2-1/2 7.0 3.3 8.4 3.k
5 HF 1-3/k 6.9 3.4 8.9 k.3
9 HF 1-3/k L.2 2.8 10.3 5.0

* Th. letters "M" and "HF" signify machined and hand-formed cones,
respeciively.

1k, Evalustion of Improvised Shaped Charges. The method of
fabricating shaped charges covered in this report is considered
feasible for field use by engineer troops. Combat engineer batitel-
ions are issued both & motorized machine shop and a Blacksmith
Equipment Set, each containing the necessary tools for fabricating
improvised shaped charge components. Sheet steel, copper, aluminum,
etc., are stock items irn Engineer Supply Points, and, although spe-
cial skill is not required in hand-forming the shaped charge com-
ponents, mechanically trained personnel are availldble, if necessary.

The possible uses to which improvised shaped charges may
be applied are numerous. At present, ~»~ standard M2A3 and M3
shaped charges are used primarily to prcdu.e boreholes in steel,
coincrete, rock, masonry, and earth. Howev:r, their most common
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field use is producing boreholes in earth to receive explosive
charges for antitank cratering. Other less common applications in-
clude vlasting of vorenolez in fortifications to receive secondary
charges for dactruction of the fortifications and their use as anti-
tank and aatipersonnel mines in defiles and likery forward landing
areas. Improvised shaped charges could be used to supplement or re-
place the manufactured charges in any of these described demolition
tasks.

15. Evaluation of Paste Explosive as a Shaped Charge Filler.
This report has shown that paste explosive makes an effective filler
for improvised shaped charges. Tests have proved that improvised
shaped charges with about 3 pounds of paste explosive and hand-
formed liners can reliably produce penetration of 10 to 12 inches
in steel. These results are better than those of the standard
shaped charge, M2A3, which uses about ll% pounds of explosive and
a glass liner to penetrate 12 inches cf steel. The M2A3 shaped
cnarge is also capable of producing boreholes of § to 8 feet depth
in earth. It is estimated that 5 pounds of paste explosive loaded
into an improvised shaped charge with a hand-formed copper liner of
about 6 inches base diameter will produce the same or better results.

Paste explosive should also be useful in other field im-
provised charges such as the banguioure torpedc, mine clearing de-
vices, platiter and linear shaped charges, and booby traps. Its use
as an explosive filler for improvised charges is more practicable
than Composition C-lt because it can be easily and quickly loaded
into & charge assembly without loss of density and, thus, ioss of
power. Conversely, Composition C-4 must be hand-tamped into charge
assemblies to avoid iuss of density with resulting reduction of
effectiveness. The quality of C-h loading for the tests covered by
this report was accompliched by a testman who was highly experienced
and exercised extreme care requiring considerable time for each
charge. Such personnel and careful preparation of charges will sel-
dom be found or experienced in the field, thus, paste charges pre-
pared by troops will probably yield similar results to C-k charges
prepared under such conditions. The ease of lcading and retention
of its density and power under loading conditions makes paste explo-
sive readily adaptable to field use in packaged charges. Its
characteristic exudation of oil does not significantly affects its
power, and its insensitivity will not be a problem with the intro-
duction of the M6 and M7 blasting caps to field use. As an ei'fec-
tive military explosive, the attricutes of paste explosive outweigh
its deficiencies. Paste explosive hus potentieli®y as an explosive
filler for improvised charges.
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IV. CONCLUSIONS
16. Conclusions. It is concluded that:

a. Paste explosive is an effective explosive filler for
improvised shaped charges.

©. Precision manufactured sheped charge liners produce
greater and more reliable yields than hand-~formed iiners, bui hand-
formed liners afford yields accepteble for general demolition tasks
requiring the use’ of shaped charges.

¢. For improvised shaped charges, paste explosive is al-
most as good as Composition C-lb explosive in mcst qualities and vet-
ter in ease of loading; other militury explosives being solid are
not readily adaptable to improvised shaped charges.

d. TField fabrication and use of improvised shaped charges
is feasible.

e. Additional borehole penetration tests should be con-
ducted in various materials, especially concrete and asphaltic pave-
ments, to cbtain complete data relative to the usefulaess of impro-
vised shaped charges.
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APPENDIX A
AUTHORITY
HEADQUARTERS READ FOR ‘RECORD
DEPARTMENT OF THE ARMY Item Nr. 1357

OFFICE OF THE CHIEF OF ENGINEERS CEIC Mtg. #317
WASHINGTON 25, D. C.

ENGRD-P 1 July 1960

SUBJECT: Demolitions, Projsct Nr. 8F07-10-002, Reopening of Task
Nr. 8F07-10-002-02, DEMOLITION MATFRIAL AND EQUIPMENT

TO: Corps of Eﬁgineers Technical Committee
FROM: Acting Secretary, Corps of Engineers Technical Committee
1. References:
a. Item Nr. 2859, CETC Meeting Nr. 295.
b. Item Nr. 3077, CEIC Meeting Nr. 312.

2, Subproject 8-07-10-460, Demolition Material and Equipment
was snspepded by reference la above. Subproject 8-07-10-460, was
changed to Task Nr. 8F07-10-002-02, Demolition Material & Equipment
by reference 1lb, above. This task is hzreby restored to an active
status, FY 1961 RDT&E funds having been allocated for the prosecu-
tion thereof.

3. This action will be recorded in the minutes of the Corps
of Engineers Techulcal Committee.

/s/ Roy C. Cornett
/t/ ROY C. CORNETT
Acting Secretary, Corps of
Engineers Technical Committee
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HEADQUARTERS
DEPARTMENY CF THE ARMY Item No. 3077
OFFICE OF THE CHIEF OF ENGINEERS  CEIC Mtg. #312
WASHINGTON 25, D. €.
FNGNE 1 Teormary 1960

SUBJECT: DEMOLITIONS, Project No. 8F07-10-002, Initiation of Project
TO: Corps cf Engineers Technical Committee
FROM: Subcommittee on Mine Warfare

1. The Subcommittee presents the prsroced project in the field
of Demolitions, as described in the inclosed Form DD 613, for appro-
priate action by the Corps of Engineers Technical Coumitiee.

2. The project will consist of the tasks as listed in para-
graph 2lc of the inclosure. The existing tasks are identified by
the Item Number preceding the Task Number. Those preceded by the
words "New Item" are proposed, and will be processed at the earliest
possible date.

3. The Subcommittee recommends:

a. Initiation of Project No. 8F0T7-10-002, Demolitions,
and assignment to the Corps of Engineers.

b. Assignment of Technical Objective IC-13 to the Project.
c. Assignment of Priority 1-B to the Project.

FOR THE SUBCOMMITTEE:

/s/ H. D. Ford
1 Inci /t/ H. D. FORD
Project No. 8F07-10-002 Lt. Colonel, Corps of Engineers
Chairman, Subcommittee on
Mine Warfare
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1tes uo. 3077
CETC Mtg # 312

R&D MOJECT CARD b New LD SR ok
1. PROJECT TITLE ll’nl:r:l;"r(rﬂl 3. PRJECT M.

8F07-10-002
DE"GLITIO“S 4. INMEX BYNNER 2, 2EPORY BATS
—— | Feb 1960
5. SABIC 7IELD OR SUBINCT 7. S¥8 FILLO OR SNONCT SUD GROVP T oA Teck. e,
Mines and Obstacles E?&%ﬂclticns, tbstacles & Demo] fa{LC¥13
0. COSMITANY ABENCY 13, CONTRACTOR AND/OR LABORATORY CONTRACT/W. Q. BO.
Corps of Engineers
’-Rg's'f";‘ a‘e';" Div., OCE USA Engr. Res, & Dev. lLabs,,

Ft. Belvoir, Va,

10. REQUESTING AGINCY

Office, Chief of Englneers

11, *2ATICIPATION ANB/OR COORADINATION 14, RELATED PROJICTS 17. E57. CONPLETION BATES
as.Cont .
swv.Cont.
Twr Cont,
oP. EVAL. @_qt,
19.7V.{  MOCAL TSTINATES
V4. BATE APPROVED 50 5 M
51 45 M
15, PRIOMITY | 14, MAICE CATEGORY 52 IS M
1-8 u
19. REPLACES PROJICT CARD ANS PROJICT STATUS
This project supersedes part of Project No., 8-07-10-000,
31 December 1959.

_— i Est. [Rate P/A 35 M
33 WIOVINEHINT AWBOR JusTiricaTion ~ Thers 1s & contlnuing requlirement for evelopment of new
or Improved equipmeny in the field of demolitions.

Justification for. the development.of each piece of equipment, withcappropriate
CDOG roferences, Is inciuded in the Task Cards as listed In paragraph 2lc below.

21, smigr O!l BCT AND ORJECTIVE
or:

a.
¢))] Obgectlve:

{a) To provida for the condugt of the research and development ‘necessary
tc supply required oquipment to the Army, and to the other Departments as may be
requirad and authorized, In the field of demolltions.

(b) The security classificatlion of the individual tasks of this project
will be in accordance with thelr content.

(2) Mititary Characteristics: The Military Characteristics for each item
being devaloped are Included as Eshibits YA'' to each of the Task Cards as listed
in paragraph 2lc below,
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b. Approach: The approach to each task Is set forth In the.Task Cards as |isted
in paragraph 2lc below.
c. Tasks: This project Is composed of the tasks as !isted hereln. The comple~
tion of tasks and the establishment of new tasks will be recorded bv the revision
of this paragraph.

1} ltem No. 3054, Tack No. 8F07-10-00201, Englneering Studles & Investiga~
tions, Demolitlions,

(2) item No, 1357, Task No, 8F07-10-002-92, Demolltion Materlal & Equipment
(S.spended),

d. Other Information:
(1) Scientific Research: tene

(2) References: None
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APPENDIX B

STATISTICAT, ANALYSIS FCR PENETRATION OF
STEEL: PLATES BY SHAPED CHARGES

vy

Richard ¥. Deighton

The two sets of test data were analyzed separately. First, the
various statistical analyses on the first set of data will be dis-
cussed, and then the second set of dzta will be similarly treated.

The first test was designed as a complete factorial experiment
with four factors. All factors were observed at two levels with
three replicates of the experiment. The following notation will be
used for the factors:

A, heignt of explosive above vertex of cone.
Level 1 - 3-3/4 inches.
Level 2 - 2-1/2 inches.

B, type of cone.
Level 1 - machined.
Level 2 - improvised.

C, ctandoff digharce,
Level 1 - 5 inches.
Level 2 - @ inches.

D, type of explosive.
Level 1 - C-h.
Level 2 - paste,

The test was also designed to utilize the principle of con-
founding. A complete confounding of the highest order interaction,
that is the third order interaction ABCD, wes made. This means that
each of the three replicates wes split into two blocks, each block
consisting of eight observations.

The depths of the penetrations in inches were used as the first
measurement of yield for this experiment. An analysis of variance
was celculated both without confounding (Table VI) and with confound-
ing {Table VII). In both analyses, the F's were calculated by di-
viding the mean squares of the effecis by the mean square of the ex-
perimental error. Note that idemu.cn ZInterpretations are derived
from both anslyses., In eddition, the 1nalysis of variance fox
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confounding indicates that there is no significant contribution due
to block variation. This result most likely indicates that each
steel pl-te is homogeneous with respect to itself. Another plausi-
ble interpretation of this result ic thet the steel plates were
placed on the ground in such a manner that no differences zmong
various sides of the steel plabes existed.

Of the varicus main effects, only the type of cone and the type
of explosive were shown to be significant. That is, no significance
was indicated in either the height of the explcsive above the vertex
of the cone or the standoff distance. Two of the first order inter-
actions were found to be significant. These are the interaction of
type of explosive with the height of the explosive above the vertex
of the cone and the interaction of type of explosive with standoff
distance. These interactions appear to be significant bccause the
type of expiosive is highly significant itself. Alsc, there is one
significant second order interaction. This is the interaction among
height above vertex of cone, type of cone, and type of explosive.
The high significance of type of explosive is apparently causing
this interaction to be significant also.

After these analyses were conducted, the volumes of the. vene-
trations were calculated. The assumption was made that a penetra-
tion within a given plate was approximately cylindrical. Conse-
aquently, the volume of a given hole was calculated as the summation
of a set of cylindrical volumes for all the vlatcs that were
penetrated.

These volumes were then used as a second measurement of yield.
Again, an anadlysis of variance was conducted both without contound-
irg (Table VIII) and with confounding (Table IX). Again both of
these two analyses indicated the same results. The only effect that
was fou 4 to be significant using volumes was the type of explosive.
No interaciions were found to be significant. The analyses with
confounding again indicated that there was no significant tlock var-
istion. As with the depths, this result apparently indicates that
each steel plate is homogeneous with respect to itself.

In comparing depths and volumes as measurements of yield, the
main difference seems to be that with depths the type of explosive
interacts with the distances whereas this is not true with volumes
used as the measurement of yield. Perhaps in theoretical mechanics
there is a justification for this difference.

The second set of test data was designed as a complete factor-
ial experimen®t with three factors, using paste throughout. These
three factors were all observed at two levels with two replicates of
the experiment. The following nctation wi™", ve used for the factors:




A, height of explosive above vertex of cone.
Level 1 - 1-3/k inches.
Level 2 - 2-1/2 inches.

B, type of cone.
Level 1 - machined.
Level 2 - improvised.

C, standcff distance.
Level 1 - 5 inches.
Level 2 - 9 inches.

Again, the test was designed to utilize the principle of con-
founding. A complete confounding ot the highest order interaction,
that is the second order interaction ABC, was made. This means that
each of the two replicates was split into twe blocks, each block
consisting of four cbservations.

First, the depths of the penetrations in inches vere used as
the measurement of yield. The analysis of variance oa these depths
(Table X) indicates that there is no sigaificance in any of the main
effects or interactions. Althougn the F ratio for the ABC inter-
action was not significant, it was larger then most of the other F
ratios. Since this interaction was confounded with blocks, it was
not considered worthwhile to compute an analysic of variance with
confounding.

Next, the volumes of the penetrations were calculated. The
analysis of variance on this data (Table XI) indicates that the type
of cone and the stendoft distance are significant. Also, the inter-
action of these two faclors was discovered to be significant., An
analysis of variance with confounding was then calculated (Table XII).
As in the first set of test data, the block variation was not sig-
nificant. The type of cone, the standoff distence, and the inter-
action of these two factors showed only a slight significance where-
as stronger significance was indicated in the first analyses.

All the analysis of variance tables indicated above do not have
exactly the same interpretations, but it is possible to derive some
general interpretations. Type of explosive and type of cone are
reasonsbly significant factors in the experimenis whereas the dis-
tances do not appear to be significant. The calculations for con-
founding in blocks indicate that there is no significant variatlon
from one side o1 the steel plates tov the other side.
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Table VI. Analysis of Variance Withcut
Confounding for Depths from Test Series 1

Tabular F's

0% 9% 9%

Effects Calculated F'c Degrees of
Freedom¥*
4.53
A —=22 = 1.}k 1/32
525 5 /3
w - O /f(3) 11
B 518 - 5.06
0.81 _ .
c 30 0.26
216.67 _ (3) "
D 315 © 69.45
6.01 — - ”
AB 3—1-2— = 1,93
0.0k - 1
AC §Ti§ = 0.01
l6t73 — (2) i1
AD 3.12 5.36
. 4,15 "
BC 312" 1.33
BD 902 _ 4.1 v
5.2
CD 100.22 = 32.125(3) 1
3.12
~ 2.02 n
ABC 310 0.65
16,40 _ (2) "
ABD 312 5.26
0.00
A = R 1"
CD 312 0.00
0.66 u
BCD m = 0.02

ABCD 2.4 - o.15 u

2.88 h.17 T7.56

Distance above vertex of cone.
Type of cone.

Standoff distance.

Type of explosive.

T Qw e

nouw o n

{
(
(

-
)

)
)
)

30 d.f. was actuslly used.

Siightly significant.
Significant.
Highly significant.
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Table VII. Analysis of Variance with
Confounding for Depths from Test Series 1
Tebular F's
Effects Celcvlated F's Degrees of .
Freedom* 90% 95% 9%

A %Ti‘ = 1.33 1/28 2.8 %7 7.56

__"ﬁ. = "7 (3) 1 1] 1t "

B 3.0 7 (.93

0.81 — ] n 1" 1 1
C m = 0 24
D 216-67 - 63.5h(3) " " n 1n
3.k1
.

AB g:gz = 1.76 1 1 1 1]

0.0k " , " :

AC EW) = 0,01

AD 16-73 = k'9l(2) ] n " "

3.k1

BC 53—%79 = 1.22 " " " n

0-02 " n 1 1

BD 351 - 0.01

100.23 _ (3) u " "
@ 3.4 29.39
2 12}
A:Btv 3:0(1- = 0.59 u n n u
ABD 16.1&0 - 1&.81(2) 1 fn n 1"
3.41
ACD (3).0:?. = 0.00 1 " n n
BCD 2-0]6- = 0’02 111 1" 1 n
0.96 ,

Blocks 30T ° 0.28 5/28 2.05 2.53  3.70
A = Distance above vertex of cone. *¥30 d.f. was actually used.
B = Type of cone. (1) Slightly significant.
2 = Standoff distance. (2) Significant.

D = Type of explosive. (3) Highly significant.
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Table ViII, Analysis of Variance Without
Confounding for Volumes frowu Test Series 1

Tabular F's

Effects Calculated F's

Degrees of

Freedom* 90% 37 99%
43
A -373 = 3.4 1/32 2.88 417  7.56
S'8b — ) (l) 1 1t n 1t
B 1.73 3.38
3'75 — n " 1 n
c ——1.73 = 2.17
D )}3.59 = 25.20(3) [l 1 n 1
1.73
1
AB ?‘?{; = Ook3 n 11 1 1"
0.1h
AC =" = 0'08 1 " n 1t
1.73
0.05 - 1" " " 1"
AD =2 = 0,03
1.73 )
1.86
Bc = . " " 1m 11}
W) 1.08
1090 1] v
BD —i = 1,10 " 1 u
1.73
£.02 (1)
CD = “48 - n " 1] n
1730
" ARC 0-81 = 0.’*7 " " [ i
1.73
0.56
D —ae == . f 1 " "
AB 1.73 0.32
ACK .52 _ 0.7 » "
Cv 1.73° o3
0.63 _ w n n "
BCD ——1.73 = 0.36
0.27
et el . ! 1 " n n
ABCD 1.73‘ 0.16
A = Distance above vertex of cone. *¥30 d.f. was actually used,
B = Type of cone. 1) Siightly significant.
n = Standoff dlstance. (& significant,
D = Type of explosive. (3 Bighly significant.




Pable IX. Analysis of Variance With
Confounding for Volumes from Test Series 1

Tabular F's
Effects Calculated F's Degrees of X% 95 99%b
Freedom*
A g:gg = 2.86 1/28 2.86 417 7.56
B %f%% = 3.07(1) " " n n
c %f%% = 1.97 " : "
D hi;g - 22.91;(3) " " " .
4B %f%% = 0.39 v " " "
AC %f%% = 0.07 " v " 1t
D %%%% = 0.03 n " " "
BC %f%% = 0.98 . " " ;
BD %fg% = 1.00 " " . .
CD gf%% = 3,17(1) v n " n
ARC %fg% = 0.43 n " " "
ABD %f%% = 0.29 " n . "
ACD ?f%g = 0.31 " " i 1
BCD %f%% = 0.33 . " : ;
Blocks %f%% = 0.27 5/28 2.05 2.53  3.70

A = Distance above vertex of cone.

T Qs
nnu

Type of cone.

Standoff distance.

Type of explosive,

%30 d.f. was actually used.
(1) slightly significant.
(2) significant.

(3) Highly significant.
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Table X. Analysis of Variance Withcout
Confounding for Depths from Test Series 2
Tabular F's
Effects Calculatet F's Degrees of ; ;
Freedon o 95% 9%
A P2k = 0.0 1/8 346 5.32  11.3
0'77 — {2 17" 1" " 1"
B &—.30 = 0.18
C 3~1§§ = 0080 1] 1 n
B 9.?8 = 0.07 " u u n
9.80 1n 1" 114 n
Ap =
% E:S—O 2 028
0
BO g5 = 0000 " " v -
ABC 5’?3 = 1'22 n n 1 1t

Distance above
Type of cone.

QW e
f#onn

vertex of cone.

Standoft distance.

(1)
(2)
(3)

Slightly significant,
Significant.
Highly significant.

d
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Table XI. Analysis of Variance ¥ithout
Confounding for Volumes from Test Seriec 2
; Pabular F's
. Effects Calculated F's Degrees of -
¥reedom 5% 95 9%
«
A 2';’ = 0.73 1/8 356 5.3z 11.3
15'78 _ Q('Z) rn 1" 1 1
E 5.96 = 233
22.35 _ (2) 2 1 n "
¢ 5.6~ 9%
AB 23)’;” = l 32 1 1t 1" 1t
8.03 [ 1 L n
AC 5.5 = 2,71
16-53 ) (2) " 11 1 1"
BC -?.—9-5 = 5.58
5‘38 — n 111 1" 11
ABC m = 1.82
A = Distance above vertex of cone. (1) Slightly significant.
B = Type of cone. (2) Significant.
M = Standoff distance. (3) Highly significant.

. R e s 2 .mmaw\ [RPRSTE T LAY . Y
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Table XII. £4nalysis of Variance With
Confounding ior Volumes from Test Series 2

Tabuiar Fls

Effects Calcuiated F's Degrees of -
Freedom 90% 55% 9%

2.15 ) S 0]
A H_-Ol = 0 5-& l/b 3-78 5'9/ 13'7
B l:);-gij - 3 Oh(l) n 1] u 1"

22-3: 1" " i 1
© Tt = 9 57

3092 - 1 1 1 n
AB oL = 0.98

8003 — 1t 1 n 1
AC Lol = 2.00

16.53 (1) " " " "
BC T.o1 - h,12

1.68 -

Blocks o= © k2 3/6 3.29 k.76 9.78
A = Distance above vertex of cone. (1) siightly significant.
B = Type of cone, (2) significant.

C = Standoff distance. {3) Highly significant.
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